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Single-­‐molecule	  devices	  with	  graphene	  electrodes	  
S.	  Lumettia,b,	  A.	  Candinia,	  C.	  Godfrinc,d,	  F.	  Balestroc,d,e,	  W.	  Wernsdorferc,d,	  S.	  Klyatskayaf,	  M.	  
Rubenf,g	  and	  M.	  Affrontea,b	  
Several	   technological	   issues	   have	   to	   be	   faced	   to	   realize	   devices	  working	   at	   the	   single	  molecule	   level.	   One	   of	   the	  main	  
challenges	   consists	   in	   defining	   methods	   to	   fabricate	   electrodes	   for	   contacting	   single	   molecules.	   Here,	   we	   report	   the	  
realization	   of	   novel	   spintronic	   devices	  made	   of	   a	   TbPc2	   single	  molecule	   embedded	   between	   two	   nanometer-­‐separated	  
graphene	  electrodes,	  obtained	  by	  feedback-­‐controlled	  electroburning.	  We	  demonstrate	  that	  this	  approach	  allows	  to	  get	  
devices	  working	  at	  low	  temperature.	  With	  these,	  we	  were	  able	  to	  characterize	  the	  magnetic	  exchange	  coupling	  between	  
the	   electronic	   spin	   of	   the	   Tb3+	   magnetic	   core	   and	   the	   current	   passing	   through	   the	   molecular	   system	   in	   the	   Coulomb	  
blockade	   regime,	   thus	   showing	   that	   the	   use	   of	   graphene	   is	   a	   promising	   way	   forward	   in	   addressing	   single	   molecules.	  
Introduction	  
Single-­‐ion	  magnets	  are	   ideal	  candidates	  as	  building	  blocks	   for	  
molecular	   spintronics,	   where	   both	   the	   electron	   charge	   and	  
spin	   are	   exploited1,2.	   Even	   though	   great	   advances	   have	   been	  
made	   in	   molecular	   (spin-­‐)electronics	   over	   the	   past	   decades,	  
dealing	  with	  a	  single	  molecule	  still	  involves	  huge	  technological	  
challenges.	   In	   particular,	   finding	   reliable	   methods	   to	   include	  
single	  molecules	   in	   electronic	   circuits	   is	   a	   crucial	   issue	   to	   be	  
solved	   to	   accomplish	   mass	   production	   of	   devices3.	   Several	  
approaches	   have	   been	   proposed	   to	   realize	   molecular	  
junctions,	   the	   most	   popular	   ones	   being	   mechanical	   break	  
junctions4,	   electromigrated	   junctions5	   and	   scanning	   probe-­‐
based	  techniques6.	  Gold	  is	  traditionally	  used	  for	  the	  fabrication	  
of	  such	  junctions	  as	   it	   is	   inert	  to	  most	  chemical	  environments	  
and	   remains	   relatively	  easy	   to	  handle,	   though	   its	  high	  atomic	  
mobility	  limits	  the	  mechanical	  stability	  of	  the	  resulting	  devices	  
and	   their	   use	   for	   room-­‐temperature	   applications3,7,8.	   An	  
alternative	   strategy	   to	   fabricate	   stable	   molecular-­‐scale	  
electrodes	  is	  the	  use	  of	  graphene9-­‐11.	  Its	  2D	  fabric	  reduces	  the	  
size	   mismatch	   between	   electrodes	   and	   molecules	   and	   its	  
covalent	   bond-­‐structure	   assures	   stability	   up	   to	   high	  
temperatures.	   One	   of	   the	   most	   interesting	   features	   of	  
graphene	  for	  molecular	  (spin-­‐)electronics	  is	  the	  large	  spectrum	  
of	  possibilities	  it	  allows	  to	  anchor	  diverse	  molecules	  covalently	  
or	  using	  π-­‐π	  stacking.	  Moreover,	  the	  energy	  gap	  between	  the	  
chemical	   potential	   of	   the	   electrodes	   and	   the	   molecular	  
electronic	   levels	   is	   expected	   to	   be	   reduced	  by	   carbon-­‐carbon	  
bonds,	  thus	  favouring	  charge	  injection.	  	  
Graphene	  can	  be	  produced	  in	  large	  scale,	  which	  is	  an	  essential	  
pre-­‐requisite	   for	   the	   development	   of	   scalable	   complex	  
architectures.	  Nonetheless,	  most	  of	  the	  methods	  conceived	  to	  
prepare	   large	   area	   graphene,	   such	   as	   chemical	   vapour	  
deposition12,13	   (CVD),	   are	   optimized	   to	   synthesize	   films	   of	  
monolayer	  graphene,	  whose	  transport	  properties	  are	  strongly	  
influenced	  by	  the	  application	  of	  a	  gate	  potential.	  In	  this	  regard,	  
few-­‐layer	   graphene	   seems	   to	   be	   the	   preferable	   choice	   for	  
molecular	   electronics,	   since	   it	   displays	   a	   very	   small	  
dependence	  on	  the	  gate	  voltage10,14.	  This	  kind	  of	  graphene	  can	  
be	  obtained	  on	   large	  areas,	   for	   instance,	  by	  growth	  on	  the	  C-­‐
face	  of	  SiC15-­‐18.	  
In	   this	  work,	  we	   report	   on	   the	   realization	   and	   the	   functional	  
characterization	  of	   three-­‐terminal	  molecular	  devices	   in	  which	  
a	   bis(phthalocyanine)	   terbium	   (III)	   single-­‐ion	   magnet	   (TbPc2	  
hereafter)	   is	   embedded	  between	   two	  nano-­‐gapped	   few-­‐layer	  
Figure	  1.	  Artist’s	  impression	  of	  the	  molecular	  device	  with	  graphene	  electrodes	  and	  
a	   TbPc2	   single-­‐ion	   magnet	   located	   in	   the	   junction.	   A	   lateral	   gate	   electrode	  
approaches	   the	   nanogap.	   The	   measurement	   set-­‐up	   is	   also	   displayed	   in	   the	  
schematics.	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graphene	  electrodes	  obtained	  by	  electroburning	  (see	  figure	  1).	  
Thanks	   to	   its	   specific	   magnetic	   features	   (including	   a	   well-­‐
defined	   uniaxial	   anisotropy)	   and	   its	   robustness	   when	  
deposited	   on	   a	   surface,	   the	   TbPc2	   single-­‐ion	   magnet
19-­‐21	   is	  
perfectly	   suited	   for	   the	   fabrication	   of	   a	   molecular	   spin	  
transistor22,23.	  	  
Experimental	  
Few-­‐layer	   graphene	   devices	   are	   fabricated	   on	   a	   SiC	   wafer	  
following	   the	   methods	   reported	   in	   ref.	   24.	   Afterwards,	  
nanometer-­‐sized	   gaps	   are	   opened	   in	   the	   resulting	   graphene	  
junctions	   using	   a	   feedback-­‐controlled	   electroburning	   (EB)	  
procedure10	   that	   exploits	   the	   chemical	   reaction	   of	   carbon	  
atoms	  with	  oxygen	  at	  the	  high	  temperatures	  induced	  by	  Joule	  
heating	   at	   large	   current	   densities.	   The	   presence	   of	   a	   fast	  
feedback	   loop	   avoids	   the	   abrupt	   rupture	   of	   the	   graphene	  
junctions	  and	  allows	  for	  a	  more	  accurate	  control	  on	  their	  final	  
structure.	  
During	  the	  feedback-­‐controlled	  EB,	  which	  is	  performed	  in	  air	  at	  
room	   temperature,	   the	   source-­‐drain	   voltage	   is	   swept	   across	  
the	   graphene	   junction	   (at	   a	   rate	   between	   50	   and	   100	  mV/s)	  
and	   the	   current	   flowing	   through	   the	   device	   is	  measured	   in	   a	  
continuous	   manner	   in	   order	   to	   check	   the	   variations	   of	   the	  
junction’s	   low-­‐bias	   resistance	   (R).	   An	   increase	   of	   R	   by	   more	  
than	   a	   predefined	   percentage	   triggers	   the	   feedback	   control,	  
which	   sweeps	   the	   voltage	   back	   to	   zero	   in	   1	  ms	   and	   starts	   a	  
new	   voltage	   ramp	   immediately	   after,	   thereby	   iterating	   the	  
same	   process	   until	   the	   low-­‐bias	   resistance	   of	   the	   graphene	  
device	  exceeds	  a	  predefined	  threshold	  value.	  
As	   depicted	   in	   figure	   2,	   during	   the	   first	   voltage	   ramp	   the	  
corresponding	   I-­‐V	   curve	   (see	   red	   trace)	   usually	   displays	   a	  
nonlinear	   behaviour	  which	   is	   likely	   related	   to	   the	   removal	   of	  
contaminants	   from	   the	   graphene	   surface	   caused	   by	   current	  
annealing25,26.	   The	   downward	   curvature	   of	   the	   I-­‐V	  
characteristics	  marks	  the	  occurrence	  of	  the	  EB	  event.	  As	  the	  EB	  
process	   moves	   forward,	   the	   device	   resistance	   increases	   by	  
steps	   (indicating	   that	   the	   graphene	   junction	   is	   gradually	  
narrowing	   down)	   and	   the	   voltage	   at	   which	   EB	   takes	   place	  
progressively	  decreases	  (see	  blue	  arrow	  in	  figure	  2).	  
The	  EB	  procedure	  described	  above	  has	  a	  reasonable	  yield:	  out	  
of	   76	   electroburnt	   junctions,	   66	   (87%)	   were	   controllably	  
brought	  to	  a	  low-­‐bias	  resistance	  in	  the	  range	  between	  100	  kΩ	  
and	   4	   MΩ.	   In	   the	   other	   cases	   gaps	   with	   too	   high	   low-­‐bias	  
resistance	  (>	  1	  GΩ)	  were	  created	  since	  the	  feedback	   loop	  did	  
not	  respond	  fast	  enough.	  
The	   SEM	   image	   of	   a	   typical	   graphene	   device	   after	   EB	   is	  
displayed	  in	  figure	  3.	  A	  nm-­‐sized	  gap	  can	  be	  seen	  in	  the	  central	  
notched	  region	  of	   the	   junction.	   Indeed,	  during	  EB	  the	  highest	  
temperature	  is	  reached	  in	  the	  middle	  patterned	  region	  (where	  
the	  device	  cross	  section	   is	  the	   lowest)	  as	  a	  result	  of	  the	  Joule	  
heating	  at	  large	  current	  densities:	  this,	  as	  well	  as	  the	  fact	  that	  
the	  heat	   is	  mainly	  evacuated	   to	   the	  metal	   electrodes,	   fosters	  
the	  eventual	  breaking	  of	  graphene.	  
After	  the	  fabrication	  of	  graphene-­‐based	  electrodes	  through	  EB,	  
TbPc2	   single-­‐molecule	  magnets	   are	  deposited	  on	   the	   samples	  
by	   dropcasting	   from	   a	   solution	   where	   the	   molecules	   are	  
dispersed	  in	  dichloromethane.	  	  
The	   devices	   are	   finally	   cooled	   down	   to	   ~	   80	   mK	   inside	   a	  
dilution	  fridge	  endowed	  with	  a	  home-­‐made	  2D	  vector	  magnet	  
that	  allows	  for	  magnetic	  field	  sweep	  rates	  up	  to	  0.2	  T/s.	  Since	  
the	   refrigerator	   can	   be	   manually	   rotated	   along	   one	   of	   the	  
magnetic	  field	  coil	  axes,	  in	  principle	  it	  is	  possible	  to	  study	  with	  
this	  set-­‐up	  the	  magnetic	  response	  of	  a	  physical	  system	  in	  three	  
dimensions.	  Electrical	  transport	  measurements	  are	  performed	  
using	  the	  lock-­‐in	  technique	  with	  an	  AdWin-­‐Pro	  system	  (16	  bits	  
output	  and	  18	  bits	  input)	  and	  a	  FEMTO	  pre-­‐amplifier.	  
Results	  and	  discussion	  
Electrical	  transport	  measurements	  
The	  molecular	   devices	   are	   characterized	   by	   low-­‐temperature	  
electronic	   transport	   measurements.	   The	   differential	  
conductance	  dI/dV	  of	  each	  device	  is	  measured	  as	  a	  function	  of	  
the	   gate	   voltage	   Vg.	   Some	   of	   them	   display	   an	   insulating	  
behaviour	  for	  the	  whole	  accessible	  gate	  range,	  except	  for	  one	  
or	  few	  Coulomb	  peaks.	  These	  devices	  are	  further	  characterized	  
by	   measuring	   their	   differential	   conductance	   as	   a	   function	   of	  
both	   the	   source-­‐drain	   voltage	   Vds	   and	   the	   gate	   voltage	   Vg.	  
Figure	   4	   reports	   an	   example	   of	   one	   of	   the	   resulting	   stability	  
diagrams,	  where	   regions	  of	  high	  conductance	  are	  coloured	   in	  
Figure	  2.	   Set	  of	   I-­‐V	   characteristics	   showing	   the	  evolution	   (see	  blue	  arrow)	  of	   the	  
feedback-­‐controlled	  EB	  process.	  A	  voltage	   ramp	   is	  applied	  across	   the	  device	  until	  
its	   resistance	   increases	   by	   more	   than	   a	   predefined	   percentage.	   The	   process	   is	  
iterated	  until	  the	  low-­‐bias	  resistance	  reaches	  100	  kΩ	  –	  4	  MΩ.	  
Figure	  3.	  False	  colour	  SEM	  image	  of	  a	  graphene	  junction	  after	  EB:	  a	  gap	  is	  visible	  in	  
the	  centre	  of	  the	  middle	  “notched”	  region	  of	  the	  device.	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red	  and	  regions	  of	  low	  conductance	  are	  coloured	  in	  blue.	  Two	  
adjacent	   Coulomb	   diamonds	   can	   be	   identified	   along	   with	  
several	   excited	   states	   that	   are	   clearly	   visible	   as	   multiple	  
equidistant	   lines	   running	   parallel	   to	   the	   diamond’s	   edges.	  
Furthermore,	   inelastic	   cotunneling	   lines	   are	   found	   inside	   the	  
diamond	  on	  the	  right	  side	  of	  the	  charge	  degeneracy	  point.	  This	  
confirms	  that	  the	  charge	  transport	  through	  this	  device	  is	  in	  the	  
Coulomb	  blockade	  regime	  and	  can	  be	  modelled	  by	  one	  or	  few	  
quantum	   dots	   in	   parallel,	   supporting	   the	   picture	   that	   the	  
current	  is	  flowing	  through	  one	  or	  few	  TbPc2	  molecules	  bridged	  
between	  the	  graphene	  electrodes.	  
We	   have	   measured	   a	   total	   of	   40	   graphene	   nano-­‐junctions	  
functionalized	   with	   TbPc2	   molecules:	   7	   of	   them	   (17,5	   %)	  
showed	  Coulomb	  blockade-­‐like	  features,	  while	  other	  26	  (65	  %)	  
either	   exhibited	   no	   dependence	   on	   the	   gate	   voltage	   (even	  
though	   they	   displayed	   a	   measurable	   tunnelling	   current	   for	  
|Vds|	   <	   0.5	   V)	   or	   were	   in	   short	   circuit	   with	   one	   of	   the	  
corresponding	   lateral	   gates.	   Finally,	   7	   devices	   (17,5	   %)	   were	  
characterized	  by	  no	  tunnelling	  current	  for	  |Vds|	  <	  1	  V	  (which	  is	  
the	   signature	   of	   too	   large	   gaps	   between	   the	   graphene	  
electrodes).	   Our	   yield	   is	   comparable	   to	   what	   has	   been	  
reported	   in	   other	   works	   on	   graphene-­‐based	   molecular	  
devices10,27-­‐29.	  
	  
Evidence	  of	  the	  molecule	  magnetism	  in	  the	  electrical	  transport	  
Previous	   reports	   on	   molecular	   transistors	   made	   by	   a	   single	  
TbPc2	   molecule	   have	   demonstrated	   that	   the	   Pc	   ligands	   are	  
tunnel-­‐coupled	   to	   the	   source	   and	   drain	   terminals,	   thus	  
creating	   a	   quantum	   dot	   in	   the	   vicinity	   of	   the	   electronic	   spin	  
carried	  by	  the	  Tb3+	   ion22,23.	  Moreover,	   it	  has	  been	  shown	  that	  
the	  anisotropic	  magnetic	  moment	  of	  the	  Tb3+	  ion	  is	  coupled	  to	  
the	   organic	   ligands	   by	   an	   exchange	   interaction30.	   This	   causes	  
the	   splitting	   of	   the	   energy	   levels	   of	   the	   molecular	   quantum	  
dot22,23.	  
For	  one	  of	  our	  samples,	  we	  were	  able	  to	  estimate	  the	  nature	  
and	   magnitude	   of	   this	   exchange	   coupling	   by	   measuring	   the	  
differential	  conductance	  dI/dV	  as	  a	  function	  of	  the	  bias	  voltage	  
Vds	   and	   of	   the	   applied	  magnetic	   field	   B	   (see	   figure	   5)	   near	   a	  
charge	   degeneracy	   point.	   The	   measurements	   show	   that	   at	  
zero	   field	   the	   conductance	   is	   split	   in	   two	   resonances,	   whose	  
energy	  separation	  decreases	  linearly	  with	  increasing	  magnetic	  
field,	  eventually	  leading	  to	  a	  single	  peak	  at	  Bc	  ~	  1.4	  T.	  The	  slope	  
obtained	   from	   the	   evolution	   of	   the	   two	   resonances	   is	   the	  
signature	  of	  the	  spin-­‐1/2	  Kondo	  effect	  due	  to	  the	  presence	  of	  
an	  unpaired	  electron	   in	  the	  quantum	  dot.	  The	  splitting	  of	   the	  
Kondo	   peak	   at	   zero	   magnetic	   field	   can	   be	   explained	   by	  
accounting	   for	   an	   antiferromagnetic	   coupling	   to	   the	   Tb	  
electronic	  spin,	  whose	  magnitude	  can	  be	  estimated	  from22:	  𝑎𝑔!µμ!𝐽! = 𝑘!𝑇! +2𝑔𝜇!𝐵!	  
where	  an	  exchange	  energy	  term	  agJµBJz	  is	  included	  in	  the	  usual	  
relation	   describing	   the	   spin-­‐1/2	   Kondo	   effect.	   Here,	   a	  
describes	  the	  magnitude	  of	  the	  interaction	  and	  it	  is	  defined	  as	  
positive	   for	   an	   antiferromagnetic	   coupling,	   gJµBJz	   is	   the	   Tb	  
magnetic	  moment	  (gJ	  =	  1.5	  being	  the	  terbium’s	  g-­‐factor	  and	  µB	  
the	  Bohr	  magneton),	  kB	  the	  Boltzmann	  constant,	  TK	  the	  Kondo	  
temperature,	  g	  the	  g-­‐factor	  for	  the	  electron	   in	  the	  dot	  and	  Bc	  
the	  critical	   field	   inferred	   from	  the	   intersection	  of	   the	  Zeeman	  
peaks	  at	  positive	  field	  values.	  The	  half	  width	  at	  half	  maximum	  
(HWHM)	  of	   the	  Kondo	  signature	  at	  Bc	  =	  1.4	  T	  can	  be	  used	   to	  
estimate	   the	   Kondo	   temperature	   through	   the	   approximate	  
relation31	   𝐻𝑊𝐻𝑀 = 𝑘!𝑇!/𝑒.	   In	   our	   case	   HWHM	   ~	   250	   µV,	  
which	  yields	  TK	  ~	  2.9	  K.	  Therefore,	  a	  coupling	  constant	  a	  ~	  1.10	  
T	   can	   be	   extracted	   by	   inserting	   these	   values	   in	   the	   above	  
equation.	   The	   efficient	   coupling	   between	   the	   two	   systems	  
likely	  arises	  from	  the	  unbound	  electron	  of	  the	  Pc	  ligand	  with	  S	  
=	   1/2	   which	   is	   close	   in	   energy	   to	   the	   terbium	   4f	   orbitals32.	  
Moreover,	  such	  a	  high	  coupling	  between	  the	  quantum	  dot	  and	  
the	  Tb3+	   ion	   implies	   that	   these	   two	  systems	  are	  spatially	  very	  
close,	  supporting	  once	  more	  the	  assumption	  that	  the	  quantum	  
dot	   is	   created	   by	   the	   Pc	   ligands	   through	   which	   the	   electron	  
transport	  takes	  place.	  
The	  observation	  of	  a	  magnetic	  signal	  in	  1	  sample	  out	  of	  the	  40	  
tested	  junctions	  should	  not	  be	  surprising.	  Our	  yield	  of	  success	  
Figure	  4.	   Example	  of	   colour	   scale	  map	  of	   the	  differential	   conductance	  dI/dV	  as	  a	  
function	  of	  gate	  voltage	  Vg	  and	  source-­‐drain	  bias	  Vds.	  The	  presence	  of	  characteristic	  
Coulomb	  diamonds	   implies	   that	   the	  charge	   transport	   is	   in	   the	  Coulomb	  blockade	  
regime.	  Several	  excited	  states	  are	  visible	  as	  well	  as	  inelastic	  cotunneling	  lines.	  
Figure	   5.	   Colour	   scale	  map	   of	   the	   differential	   conductance	   dI/dV	  measured	   as	   a	  
function	  of	  the	  source-­‐drain	  voltage	  Vds	  and	  of	  the	  applied	  magnetic	  field	  B	  at	  fixed	  
gate	   potential.	   An	   antiferromagnetic	   exchange	   coupling	   between	   the	   current	  
flowing	   through	   the	  molecular	   quantum	   dot	   and	   the	   Tb3+	   electronic	   spin	   can	   be	  
deduced,	  with	  a	  coupling	  constant	  a	  ~	  1.10	  T.	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(2,5	   %)	   is	   comparable	   to	   the	   values	   reported	   in	   other	   works	  
reporting	  single	  molecule	  measurements	  with	  graphene	  based	  
electrodes	   28,29.	   It	   is	   generally	   known	   that	   in	   single	  molecule	  
junctions	  finding	  the	  specific	  molecular	  signatures	  and	  not	  only	  
“trivial”	   Coulomb	   blockade	   features	   (like	   excited	   states	  
corresponding	   to	   specific	   vibrational	  modes	   or	   effects	   of	   the	  
magnetic	   moment	   of	   the	   molecules)	   is	   in	   general	   a	   difficult	  
task,	  with	  an	  intrinsically	  low	  statistic.	  Indeed,	  	  molecules	  may	  
not	  have	  a	  good	  coupling	   to	   the	  electrodes	  or	  undergo	   slight	  
distortions	   that	   could	   alter	   their	   properties.	   Our	   statistics	   is	  
also	   comparable	   to	   that	   of	   previous	   works	   concerning	   the	  
deposition	   of	   the	   same	   TbPc2	   molecule	   on	   electromigrated	  
gold	  electrodes,	  where	  a	  magnetic	  signal	  compatible	  with	  the	  
molecule	  was	  observed	  in	  <5%	  of	  the	  junctions33,34.	  
Conclusions	  
We	  have	  presented	  our	   recent	   results	  on	   the	   fabrication	  and	  
test	   of	   novel	   molecular	   spin	   devices	   consisting	   of	   a	   TbPc2	  
single-­‐ion	   magnet	   embedded	   between	   two	   nanometer-­‐
separated	  graphene-­‐based	  electrodes.	  
The	   opening	   of	   the	   nanogaps	   in	   the	   graphene	   junctions	   is	  
made	   by	   means	   of	   a	   feedback-­‐controlled	   electroburning	  
technique	   carried	   out	   under	   ambient	   conditions.	  We	   showed	  
that	   the	   EB	   process	   allows	   for	   a	   precise	   control	   over	   the	  
structure	  of	  the	  graphene	  devices	  with	  a	  high	  rate	  of	  success.	  
The	  molecule	  grafting	  on	  the	  graphene	  electrodes	  is	  still	  to	  be	  
optimized,	  nonetheless	  we	  were	  able	   to	  derive	  an	  estimation	  
of	   the	   strong	   exchange	   coupling	   between	   the	   Tb3+	   electronic	  
spin	   and	   the	   charge	   current	   flowing	   through	   the	   molecular	  
quantum	   dot	   created	   by	   the	   organic	   ligands	   of	   the	   TbPc2	  
single-­‐ion	  magnet.	  
These	   preliminary	   results	   show	   that	   graphene	   is	   a	   suitable	  
platform	  for	  contacting	  single	  molecules	  and	  for	  the	  design	  of	  
complex	  molecular-­‐scale	  systems.	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